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CHAPTER I 
INTRODUCTION 
In the wake of the 1973 oil embargo, Americans in general viewed 
energy conservation as a stopgap measure that could postpone critical 
energy shortages until domestic alternatives to foreign oil were developed. 
Industry, however, viewed conservation as a threat to expansion, since 
it was believed that industrial equipment used fuel as efficiently as 
possible in production processes. Some argued that--with restructuring 
of production processes--industrial fuel consumption could be significant-
ly reduced without cutting back on productive activity. 1 One suggestion 
was that plants producing a large amount of steam for process uses could 
also utilize that steam for generating electricity. By doing so, indus-
trial plants would reduce their demand for electricity generated by 
large central power stations, lowering both the fuel and capital require-
ments of electric utilities. This process of simultaneously producing 
electricity and useful heat for industrial processes is known as cogen-
. 2 
eration. 
According to various estimates, the raising of process steam in 
3 United States industry accounted for between 10 and 17 percent of total 
U.S. fuel consumption in 1975. An estimate for 1968 indicates that 
central station electricity generation discharged about one-fifth of 
. 4 U.S. fuel consumption as waste heat. Unless these proportions have 
changed radically, it can be expected that the production of electricity 
1 
( 
( 
and industrial process steam from the s ame fuel input would result in 
substantial fuel savings. 5 
Since the installation of additional cogeneration facilities may 
obviate the neEd for some new, more expensive, 6 central station electric 
generating capacity, significant capital savings might also result. Hat-
sopoulus, et. al., estimate that a total investment of $54 billion in 
industrial cogeneration projects would supplant $73 billion of new invest-
ment in equivalent new central station capacity--a potential capital 
savings to the economy of 19 billion dollars in 1985. 7 
Since the mid-1970s, several engineering and cost analyses of 
cogeneration technologies have been conducted; their results are wid~­
ly reported. 8 In terms of fuel savings, they have found that cogenera-
tion is potentially the single most significant energy conseration method 
available to the industrial sector. Several features of these reports, 
however, make their results incomplete; two will be addressed in this 
thesis. 
First, with the exception of Pickel's investigation, the studies 
have relied solely on anecdotal evidence and executive interviews to 
assess the behavior of firms in the industrial market for electricity. 
Furthermore, the techniques the studies employ to predict industrial 
behavior ignore fre interaction of the various for~es operating,in the markets 
" 
surrounding cogeneration. As Pickel notes: "a thorough evaluation 
of. •. behavior ••• in a market should take account of what the participants 
do and the conditions under which they do it, not merely what they say 
about the market and factors that affect their decisions in it. 119 Since 
industrial price responsiveness in cogeneration markets is important 
2 
3 
· ( to the formulation of government policy, this type of examination is 
certainly warranted. 
Second, no major study to date has analyzed the market forces 
affecting the utilization of existing cogeneration capacity. In an 
analogous context, Stewart notes that the output of an electric genera-
tion plant is two dimensional, consisting of a rate dimension and a 
1 d . . 10 vo ume imension. The generating capacity of a power plant--measured 
in kilowatts (KWs ) --represents its maximum instantaneous rate of output 
while its cumulative output--measured in kilowatt-hours (KWHs)--is the 
volume of electricity it has produced over a period of time. This 
two-dimensional perspective is also appropriate when considering the 
electrical output of a cogeneration plant. Different cogeneration 
( plants may produce different cumulative outputs with the same maximum , 
' instantaneous rates of output or different maximum instantaneous-rates 
of output with the same cumulative level of output. As noted in Chap-
ter III, it is reasonable to expect that a firm considering the con-
struction of a cogeneration facility would look at both dimensions of 
output in its planning. A complete analysis of cogeneration behavior 
should consider the influence of market forces on both the cogeneration 
capacity installed by industrial firms and the degree to which it is 
utilized. 
A number of institutional alternatives exist for steam and elec-
tricity supply. Figure 1-l(A) illustrates the typical case of separate 
steam and electricity production. An industrial firm may choose instead 
to generate both steam and power, as shown in Figure 1-l(B). Figure 
1-l (C) presents the case of a utility generating steam for industrial 
use in a dual purpose power plant. Also, the cogeneration facility 
4 
( 
THE INSTITUTIONAL ALTERNATIVES FOR STEAM AND POWER SUPPLY 
INDUSTRY ·ELECTRIC UTILITY 
0 
Power 
·O Steam l Condensate ! Turbine 
Process E~·B+1 · Cooli..g A. Tower 
· Steam 
'~---~ ~~Fod 
0· Power ·O Steam Condensate I Turbine r Turbine . 
Process 
. l+-.. «I "~"~' -[>l · Cooling Tower · · ( 8. Steam 
'"'' ___ t;;J [;J Fuel 
0 -m Power ·D l Condensate l Turbine -~ jGoo~•ol-1).:l . Cooling 1awer 
c. 
Steam · · 
I 
Steam 
I 
. '"~· ---6:1 [;J Fuel 
FIGURE 1-1 
Source: Dow, Energy Study, 1975, ·p. 19. 
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may be jointly owned by a utility and a firm, or owned by a third 
11 party. 
In the early part of this century, the manufacturing sector 
cogenerated most of its own electricity. In addition, a number of 
paper mills provided electric power to the local towns in this manner. 
Since then, there has been a sustained decline in the importance of 
cogeneration. Figure 1-2 illustrates this decline: in 1920, 22 per 
cent of total U.S. electricity was generated by industry; in 1977, 
4 per cent. By way of comparison, about 12 per cent of West Germany's 
.. 
1 . . t . . d b . d 12 e ectrici y generation is cogenerate y in ustry. In the U.S., 
the absolute level (shown in Figure 1-3) increased until 1972, declined 
rapidly between 1972 and 1975, and is now increasing again. To the 
extent that steam demand determines cogenerated electricity production, 
the more rapid growth rate of electricity generation relative to manu-
facturing output may partially explain the steady decline of cogenera-
tion in electricity supply. Figure 1-4 shows that cogeneration's im-
portance in industrial steam supply has declined steadily only since 
13 
the late 1950s, possibly implying that significant changes in steam 
production occurred at that time. 
Recent legislation aims to improve the attractiveness of cogener-
14 
ation. The Public Utility Regulatory Policies Act of 1978 requires 
restructuring of utility standby charges and buyback rates so that they 
fl h 1 f . d. h i 15 re ect t e actua costs o provi 1ng t ese serv ces. The act also 
specifies that qualifying cogenerators be exempt "from the Federal Power 
Act, from the Public Utility Holding Company Act, and from State laws 
and regulations respecting rates, or respecting the financial or organ-
izational regulation of electric utilities. 1116 The Energy Tax Act of 
5 
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1978 provides for an investment tax credit of 10 per cent that 
18 
industrial firms may apply to the value of certain items of cogen-
eration equipment, such as coal-fired boilers. By acting against 
discriminatory utility pricing practices? it is possible that the 
Public Utilities Act may ultimately enhance the influence of market 
forces on cogeneration behavior, increasing whatever effect the Energy 
Tax Act's incentives may have on cogeneration investment. 
Irwin Kellner of Manufactur.en;-s Hanover Trust noted: "The aver-
age economist may have forgotten his microeconomics, but the average 
businessman has not; he pays close attention to the relative cost of 
19 
factors of production." Most of the cogeneration studies claim 
that, while this may be true, institutional constraints explain the 
20 
decline in cogeneration activity. Two studies assert that equip-
21 
ment and fuel cost changes were the decisive factors. 
This thesis addresses one focal question: Do market forces 
play an influential role in determining the cogeneration behavior of 
industrial plants? While data limitations may preclude answering this 
question definitively, a model incorporating methodological improvements 
would be an important step in this direction. 
Chapter two examines measurements of fuel efficiency and how 
cogeneration enhances the efficieny of fuel utilization. Chapter 
three discusses the various market and non-market forces influencing 
decisions concerning cogeneration. Chapter four develops a model for 
empirically measuring some of these influences, concentrating on the 
specification and estimation of an equation to predict the degree to 
which a plant will utilize existing cogeneration capacity. A second 
equation predicting changes in total net cogeneration investment by 
9 
( 
\ 
state is also estimated. The data base consists of state information 
on industrial generation capacity utilization for a 1977 cross-section 
of 35 states. 15 of these are used to estimate the investment equation. 
The regression results and some of their implications are discussed. 
Certain characteristics of the data base place restrictions on 
the ability of the model to statistically verify or contradict the 
hypotheses made in Chapter III. In several instances, data collected 
for other purpose are used to represent the relevant cogeneration 
data, compounding measurement error already present in the data. More-
over, the small size of the cross-section limits the ability of clas-
sical hypothesis tests to identify significant variables. In spite 
of these problems, however, the statistical results of Chapter IV 
reveal importantinformationabout the production of electricity in 
industrial cogeneration plants. 
The purpose of this thesis is to apply the theoretical frame-
works and statistical techniques of economic analysis to an area which 
has been viewed primarily from a technical, engineering perspective: 
the simultaneous generation of steam and electricity by industry firms. 
It improves upon previous studies in two ways. First, it makes an 
empirical assessment of the importance of market forces in industrial 
cogeneration decisions. Since actual behavior is observed, a more 
reliable picture of the way industrial firms behave in cogeneration 
markets than that provided by other studies can be achieved. Second, 
both components of cogeneration behavior--investment and utilization--
are examined. This approach allows for more thorough investigation 
of the factors determining the volume of electricity produced in 
industrial cogeneration plants. These methodological improvements 
10 
11 
are intended to serve as a starting point for further research--
research that should yield results valuable to the formation of public 
policy concerning cogeneration in specific, and industrial energy 
conservation in general. 
( 
( 
( 
( 
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Notes for Chapter I 
1see Charles Berg, Energy Conservation Through Effective Utili-
zation (Washington, D.C.: Federal Power Commission, 1973), "A Technical 
Basis for Energy Conservation," Technology Review, February, 1974, p. 14, 
and "Conservation in Industry~" Science, April 19, 1974, p. 264; E.P. 
Gyftopoulos, L.J. Lazaridis, and T.F. Widmer, Potential Fuel Effective-
ness in Industr~ (Cambridge, Mass.: Ballinger, 1974); E.P. Gyftopoulos 
and T.J. Widmer, "Energy Conservation and a Healthy Economy, 11 Technology 
Review, June, 1977, pp. 31-40; G.N. Hatsopoulos, et. al., "Capital 
Investment to Save Energy," Harvard Business Review (March-April 1978): 
111-22; Marc Ross and Robert H. Williams, Assessing the Potential for 
Fuel Conservation (Buffalo: Institute for Public Policy Alternatives, 
State University of New York, 1975), and "The Potential for Fuel Con-
servation," Technology Review, February 1977, pp. 48-57; U.S. Office of 
Emergency Preparedness, Potential for Energy Conservation, (Washington 
D.C.: U.S. Government Printing Office, 1972). The concept of improving 
the efficiency of fuel utilization by matching the quality of fuel used 
to the quality needed is addressed in less technical terms by Barry 
Connnoner in "A Reporter at Large: Energy I," The New Yorker, February 2, 
1976, and The Poverty of Power (New York: Alfred A. Knopf, 1976}; and 
Amory B. Lovins, "Energy Strategy: The Road Not Taken?," Foreign Af-
fairs (October 1976). 
2The term "cogeneration" is actually broad in scope. Three co-
generation technologies dominate discussion of the topic: (Jl steam 
boiler/steam turbine designs; (_2} gas turbine designs; and (3). di.es.el 
engine designs. The latter two can be designed to provide either steam 
or heat for direct process applications. In addition, cogeneration can 
be implemented in at least four different forms: (1) i~dustrial owner-
ship; (2) utility ownership; (3) joint or third party ownership; and (4) 
residential or commercial ownership in the form of Modular Integrated 
Utility Systems (MIUS). MIUS installations supply the total energy 
requirements (heating, cooling and electricity) of a unit such as. a 
shopping center or of an entire community from one integrated system. 
While all of these forms and technologies offer potential fuel savings, 
this thesis restricts its analysis to the type of cogeneration most 
widely utilized today: industrially owned coal-fired steam boiler/steam 
b . ' tur ine systems. 
3R.W. Barnes, A Comparative Evaluation of Recent Reports on the 
Energy Conservation Potential from Cogeneration (Oak Ridge, Tenn: Oak 
Ridge National Laboratory, 1979), Report #ORNL/TM-6602. The 10 per cent 
estimate is based on industrial boiler purchase data collected by the 
American Boiler Manufacturers Association and is made for the year 1975. 
The 17 per cent figure is the estimate of the proportion of national 
fuel consumption devoted to steam generation made by the Stanford Research 
12 
( 
( 
Institute for the year 1968 in Patterns of Energy Consumption in 
the United States (Menlo Park, Calif: Stanford Research Institute, 
January 1972). This does not imply that the percentage of total U.S. 
fuel consumption devoted to steam raising declined from 17 per cent in 
1968 to 10 per cent in 1975; the discrepancy between the two estimates 
is probably due to methodological differences between the two studies. 
See Barnes, pp. 11-12. Barnes summarizes other estimates of steam-
raising fuel consumption on pp. 11-12. 
4Robert H. Williams, "Industrial Cogeneration," Annual Review 
of Energy 3 (1978): 313. · This is the same estimate made by the Stan-
ford Research Institute study cited above. 
5Most industrial steam is generated using fuel burned at high 
temperatures (over 1000 degrees F) and then used in low-temperature 
applications (usually less than 400 degrees F). The cogeneration tech-
nique represents a more productive utilization of the initial fuel input 
because the high-quality energy available from the high-temperature com-
bustion of the fuel is used to make electricity with the waste heat 
being recovered and used for low-temperature process steam applications. 
While the initial fuel input must be increased to produce the same 
temperature process steam with cogeneration, the fuel required to pro-
duce the electricity, beyond that required to produce the process steam 
alone, is only half the fuel input required to generate the same amount 
of electricity at a conventional central generating plant (Williams, 
1978, p. 313). 
6In some instances, cogeneration unit capital costs are lower 
than those of central station power plants because cogeneration can ef-
ficiently utilize cheap engines, such as gas turbines. See Williams, 
13 
p. 325. More importantly, the capital costs of steam-turbine cogeneration 
systems are shared by steam and electricity production services, reducing 
the unit capital cost of electricity generation. 
7Hatsopoulos, 1978, p. 116. 
8The major cogeneration studies are surveyed by Frederick H. 
Pickel, Cogeneration in the U.S.: An Economic and Technical Analysis, 
Report #MIT-EL78-039 (Cambridge, Mass: MIT Energy Lab, November 1978); 
Williams; and Barnes. The groundbreaking studies are by Dow Chemical 
Company; Energy.Industrial Center.Study, NTIS Document No. PB-243823 
(Washington, D.C.: National Science Foundation, June 1975); Thermo-
Electron Corporation, A Study of In~Plant Electric Power Generation in 
the Chemical, Petroleum Refining and Paper and Pulp Industries, by 
S.E. Nydick, J.P. Davis, J. Dunlay, S. Fam, and R. Sakhuja (Waltham, 
Mass.: Thermo Electron Corporation, July, 1976); and Resource Planning 
Associates, The Potential 'for Cogeneration Development in Si.X 'Major 
Industries by 1985, by. P.G. Bos, et. al. (Cambridge, Mass.: Resource 
Planning Associates, September 1977). Pickel makes a significant con-
tribution to the research by employing linear programming methods to 
estimate the cost-minimizing share of cogeneration in U.S. electri.city 
supply. 
( 
" 
9Pickel, p. 78. 
IO"Energy" is the technical term for the volume of electricity 
produced (KWH), while "power" refers to the instantaneous rate at which 
the electricity is being produced (KW). John F. Stewart, "Plant Size, 
Plant Factor, and the Shape of the Average Cost Function in Electric 
Power Generation: A Nonhomogeneous Capital Approach," The Bell Journal 
of Economics, 10 (Autumn 1979): 550. 
llKenneth F. Seplow, "Cogeneration: A Once-Popular Technique 
Takes on New Importance inan Energy-Short Era," Industrial Development 
146 (November/December 1977): 15-18, discusses joint ownership, and 
Williams, pp. 349-50, discusses the possibility of third party owner-
ship. 
l2complete data on historical levels of cogeneration do not exist 
at this time. The figures cited are for industrial electricity produc-
tion, excluding hydropower. These numbers represent an approximation 
to the true extent of cogeneration, since economies of scale for plants 
that generate only electricity make it cheaper for an industrial firm 
to buy power from a central station plant, unless the industrial plant 
is geographically isolated. The potential inaccuracy of this approxi-
mation is discussed more fully in footnote 2, Chapter IV. 
13It is assumed here that industrial steam consumption varies in 
direct proportion to to manufacturing output and that the average 
amount of electricity cogenerated per unit of steam cogenerated has 
not declined over time. 
14p .L. 95-617. 
15The Public Utility Act, signed in November, 1978, requires 
that the rates for the sale of electricity to qualifying cogenerators 
be fair, reasonable, in the public interest, and nondiscriminatory. The 
House Conference Report on this Act was careful to note that these pro-
visions are not intended to require utility customers to subsidize 
cogenerators. The Act's purpose here is simply to ensure that cogen-
erators are not required to pay any more than is otherwise 11 just and 
reasonable in terms of the utility receiving the reasonable rate of 
return for providing service to those kinds of user." U.S. Congress, 
House, Committee on Interstate and Foreign Connnerce, Public Utility 
Regulatory Policies Act, Conference Report, No. 95-1750, 95th Congress, 
October 10, 1978, p. 98. 
I6At Sec. 210. The law requires that rules for implementing 
these provisions be prescribed by the Federal Energy Regulatory Com-
mission. 
17P.L. 95-618. 
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18The additional tax credit provided for by the Energy Tax 
Act cannot be applied to utility-owned coal-fired boilers. 
l9Kel1ner, Irwin, "Quarterly Business Conditions Analysis," 
Newsletter (New York: Manufacturers Hanover Trust), March, 1977, cited 
in Berndt, Ernst R., and David O. Wood, "Engineering and Econometric 
Interpretations of Energy-Capital Complementarity," American Economic 
Review 69 (June 1979): 342-354. 
20Particularly Thermo-Electron, Resource Planning Associates, 
and follow-up reports by the authors of these studies. This conclusion 
is also reached by F. von Rippel and Robert H. Williams in "Energy 
Waste and Nuclear Power Growth," The Bulletin of the Atomic Scientists, 
32 (December 1976). 
2lnow, Energy Study, and Evaluation of New Energy Sources for 
Process Heat,NTIS Document No. PB-245604 (Washington D.C.: National 
Science Foundation, 1975). 
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CHAPTER II 
COGENERATION AND FUEL EFFICIENCY 
For decades, much engineering research has been focused on iden-
tifying possibilities for improvement in the efficiency with which indus-
trial equipment uses fuel. Until the 1970s, attention was centered on 
improving the fuel efficiency of industrial devices and processes, espec-
ially those that achieved relatively little heat transfer with a given 
fuel input. More recently, however, physicists and engineers have em-
phasized a less myopic measurement of fuel efficiency, one based on the 
notion that efficiency should be measured with reference to the task to be 
performed rather than the device performing it. 1 It has been found that 
several jobs in the residential, commercial and industrial sectors could be 
done with less fuel, even when the processes employed are relatively fuel 
efficient. In particular, cogeneration uses fuel more productively than 
the separate production of process steam and electricity. This chapter 
examines the basic thermodynamic principles underlying the two efficiency 
measures, the physical laws upon which they are based, and their relation-
ship to the economic decisions associated with cogeneration. 
The analysis of industrial fuel conservation potential employs 
several basic concepts of thermodynamics. Thermodynamics involves the 
study of the conditions which physical "systems" may assume and their be-
havior when changes in these systems occur. A "system" is defined by 
Kee.nan, et ·al., as "any identifiable collection of matter that can be 
separated from everything else by a well-defined surface so that changes 
16 
"· 
17 
2 in everything else need not affect the condition of the collection." 
Changes in systems may occur spontaneously or they may be the result of 
interactions between systems, including interactions such as heat, that 
cannot be described in terms of the states and properties of the inter-
acting systems. A system is said to be in a particular state at any 
instant of time when a unique set of conditions exists, encompa·ssing all 
that can be said about the system at that time. A property of the system 
is a quantifiable p±eceof information about the system, the magnitude of 
which depends upon the current state of the system, not upon the path the 
3 
system followed in attaining that state. With these concepts, two laws 
of thermodynamics underlying fuel conservation can be discussed. 
The First Law of Thermodynamics is essentially a statement about 
the existence of the property, energy, that measures the ability of a 
system to perform work, where work is defined as "all forms of energy 
transfer excepting heat. 114 The essence of the First Law is that energy 
can be neither created nor destroyed, When a system performs work, it 
transfers energy to another system; total energy remains constant. The 
transferred energy may change form in the process; the key point is that 
when it is converted from one form to another, no energy is lost or 
gained. 
A good physical illustration of the First Law is provided by Niagara 
Falls. The potential energy of the water at the top of the falls is con-
verted into the kinetic energy of motion and finally into heat energy 
upon impact. The water at the bottom of Niagara Falls has been found to 
be about one-eighth of a degree (Celsius) warmer than it is at the top; 
( 
/ 
' 
--
the energy represented by this extra heat equals exactly the potential 
energy of the water at the top of the falls. The total energy remains 
5 
constant. 
18 
By the First Law of Thermodynamics and the thermodynamic definition 
of work, internal energy may be operationally defined as a property whose 
change in value between two states is equal to the amount of work done 
by the system as it moves from one state to the other, plus any heat 
energy transferred to the system. Therefore, if a system moves from state 
A1 and internal energy E1 to state A2 and internal energy E2 , then the 
change in energy, E2-E1 , between the two states is given by the equation 
where SQ the heat energy added to the6system, and r; W = the work done by the system. 
(1) 
Figure 2-1 illustrates this conceptualization of the First L.aw for 
a cogeneration process. System A (the combustion chamber) with internal 
energy EA 
energy EB 
EAl transfer heat, QAB• to system B (the boiler) with internal 
EBl· System A's internal energy decreases to A2 as a result. 
System B uses some amount of energy to perform an amount of work, WBC• on 
System C (the turbine). In addition, some heat from the steam, QAC• is 
transferred to System C. These energy transfers cause System C's internal 
energy to increase from Eel to Ec 2 • The heat energy that is not transferred 
to C by work and heat is added to the internal energy of B, increasing the 
value of EB from EBl to EB2 • Applying Equation 1, 
(2) 
Also from Equation 1, 
(3) 
' ~ 
(A) 
Combustion 
Chamber 
~ 
Fuel 
Input 
QL 
High Pressure Steam 
QBC + WBC 
(B) 
Boiler 
Boiler Feed 
~, 
(C) 
Turbine 
t 
Pump Make-up 
Water 
FIGURE 2-1 
Generator 
·<-'"' 
Power-
Low Pressure Steam 
to Processes 
Return Water from Processes 
STEAM-ELECTRIC COGENERATION PLANT FLOW SHEET 
...... 
\0 
( 
( 
20 
Adding Equations 2 and 3, we find that 
(4) 
This last equation is simply a restatement of the First Law; it shows 
that total energy does not change. 
The First Law efficiency of an energy conversion system is a numer-
ical measurement of how effectively the system uses energy. It is the 
. 7 
ratio 
energy transfer achieved 
by a device or a system 
energy input to the 
device or system 
A conventional coal-fired power plant provides an example of how this measure 
is applied. The output of the power plant is electric energy, while the 
energy output transformed into electricity is the heat created by burning 
the coal. If the (energy output)/(energy input) ratio is 0.40, the 
power plant is said to have a First Law efficiency of 40%. 
The First Law efficiency is useful for determining how well indi-
vidual devices or processes use energy, but it says nothing about the ef-
fectiveness with which energy is used to perform a given task. This re-
quires a measure which will determine how efficiently work is used to 
achieve a desired result. The Second Law of Thermodynamics is useful in 
deriving this yardstick. 
William Thompson (later Lord Kelvin>8formulated the Second Law in 
this way: 
( 
It is impossible to devise a process whose only re-
sult is to convert heat, extracted from a single 
reservoir,9 entirely into work.10 
This statement implies that a heat enginell can convert only part of 
the heat it absorbs into work. The engine may convert the entire net 
energy absorbed into work; it must, according to the First Law. The 
Second Law would not be violated unless a heat engine were to extract 
heat from a single reservoir and convert it entirely into work. 
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In Figure 2-1, the systems B and C can be considered a single sys-
tern, B, that absorbs heat energy and transforms a portion of it into 
work by spinning a turbine, rejecting the remainder into the atmosphere. 
This is illustrated in Figure 2-2. The Second Law dictates that only 
part of the heat energy absorbed by the new system B is available for 
useful work. 
The above discussion introduces the concept of available work. 
Available work is defined as the maximum work that can be provided by a 
system (or by a fuel) as it proceeds (by any path) to a specified final 
state in thermodynamic equilibrium with the atmosphere, not counting work 
12 done on the atmosphere. From Kelvin's statement of the Second Law, the 
availability of a system will be less than the system's internal energy. 
In fact, it is possible for a system to lose its capability to do work 
without any change in the internal energy of the system. C.A. Berg uses 
the following example: 
.•• if one charges a battery with a certain amount of elec-
trical energy (work), perfectly insulates the battery 
against heat transfer, and then lets the battery sit on 
a storage shelf, the energy of the battery will not change. 
However, internal leakage will cause the battery to heat 
up, and the amount of electrical energy (work) which one 
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can later withdraw from the battery will be progres-
sively reduced. No energy is lost. Assuming perfect 
insulation, the heat remains. But the valuable aspect 
of the energy--the extent to which it can be used to 
yield work--is lost.13 
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The First Law of Thermodynamics tells us that energy is conserved 
by definition. The Second Law of Thermodynamics, however, implies that 
not all energy is available to perform useful work. It is important, then, 
to consider the effectiveness with which a process consumes available 
work to perform a given task. This is measured by Second Law efficiency, 
which is defined as the ratio of the least available work that could have 
done the job to the actual available work used to do the job. 14 
For example, consider an industrial process which transforms fossil 
fuel energy into process steam. The First Law efficiency of the process 
may be .85, typically. In other words, 85% of the heat energy transferred 
to a boiler appears as energy in the form of steam. The Second Law effi-
ciency of this process, however, is only .33 for steam at 400 degrees F. 15 
This is because fossil fuel combustion provides the steam-raising system 
with much more available work than is required by the industrial use of 
the steam. The system may be capable of producing steam at temperatures 
over · lOOO degrees F, but temperatures of only 400 degrees or less are re-
quired for industr:i.alprocess applications. Since the ability of thermal 
energy to be transformed into work rises with the difference between the 
temperature of the heat and that of the ambient, much available work is 
irreversibly wasted in the process of steam generation. 
The consumption of available work is a direct measure of fuel use. 
Therefore, the Second Law efficiency is an indicator of potential fuel 
( 
savings. Table 2-1 presents the Second Law efficiencies of several 
energy-consuming process in the economy. 
Table 2-1 
Energy-consuming activies 
(current technology) 
Residential and commercial 
Space heating: 
Fossil-fuel-fired furnace 
Electric resistive 
Air conditioning 
Water heating: 
Gas 
Electric 
Refrigeration 
Transportation: 
Automobile 
Industrial: 
Electric power generation 
Process-steam generation 
Steel production 
Aluminum production 
Second-law 
efficiency 
(per cent) 
5.0 
2.5 
4.5 
3.0 
1.5 
4.0 
9.0 
33.0 
33.0 
23.0 
13.0 
Source: Ross and Williams, 1977, p. 54 
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The table suggests that by rearranging manufacturing processes, the indus-
trial sector can make much better use of the available work present in the 
16 fuel it consumes. In the above example, cogeneration of the steam with 
electricity would raise the Second Law efficiency of steam raising to be-
17 tween 0.40 and 0.45. Hence, the Second Law efficiency measurement indi-
cates significant technological potential for fuel conservation via cogen-
eration. 
At least three studies18 have estimated the fuel savings obtainable 
by fully implementing cogeneration. In 1976, total U.S. energy use was 
74.0 quadrillion Btu (quads); the industrial sector accounted for 27.0 quads, 
25 
or 36 per cent, of this total. 19 The 1976 Thermo-Electron study calcu-
lated that it would be technologically possible to conserve 1.7-6.9 
quads in 1985 through cogeneration. In 1977, Resource Planning Associates 
estimated that full implementation of cogeneration could save 1.1-1.9 · 
quads in 1985. Finally a recent Industry Resource Group study reported 
by Barnes and Klepper estimates that 6-10 quads could be saved in the year 
2010 through maximum implementation of cogeneration. It is clear from 
these studies that cogeneration is a more efficient use of fuel than 
separate steam and power production,offering significant fuel savings 
potential. 
From an economic perspective, the low Second Law efficiencies 
for steam raising--or for the other activities listed in Table 2-1--
are not surprising. Resources used by firms and households are generally 
scarce and costly. It is assumed that firms and households attempt to 
optimize their fuel use by minimizing the sum of fuel and nonfuel costs. 20 
Therefore, Second Law efficiencies of industrial processes can be expected 
to improve only as long as fuel costs increase more rapidly than nonfuel 
costs. The economist would thus point out that the Second Law efficiency 
may be a valuable tool for identifying possibilities for additional fuel 
conservation, but it does not indicate what the optimal mix of fuel 
and nonfuel resources would be. 
Cogeneration would significantly improve the Second Law efficiency 
of steam generation, but those who have analyzed cogeneration differ as 
to why it is not more prevalent in industry. Some claim that equipment 
and fuel costs are the most important influences, while the more preva-
lent opinion is that institutional obstacles and predispositions on the 
part of management should bear most of the blame. Both conclusions are simply 
( 
( 
asserted; as yet they have not been verified statistically. Chapter 
Three will examine the various market and nonmarket forces affecting 
cogeneration behavior in industry, laying a foundation for empirical 
investigation. 
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Notes for Chapter II 
lsee K.W. Ford, ed., Efficient Use of Energy (New York: Ameri-
can Institute of Physics, 1975). 
2Encyclopedia Britannica, 1978 ed., s.v. "Thermodynamics, 
Principles of, 11 by J.H. Kennan, G.N. Hatsopoulos, and E.P. Gyftopoulos. 
3An analogy can be drawn with the case of a person and his net 
worth. An individual possessing assets in excess of one million dollars 
is referred to as a millionaire, whether or not his wealth was earned 
over a period of decades or inherited due to the sudden death of a rich 
relative. 
4
non C. Kelley, Thermodynamics and Statistical Physics (New York: 
Academic Press., 1973), p. 47. The definition of work used in thermody-
namics is. broader than that employed in mechanics. In mechanics, a force 
F, acting through a displacement ds, performs an amount of work dw, given 
by the product 
dw = p., d~. 
Total work is determined by summing the work done over all displacements. 
That is, dw is integrated over the distance AB, the total displacements. 
This gives us the equation 
where S ! dw represents all the work performed between points A and B. 
5Commoner, Poverty of Power, p. 13. 
6The quantities &Q and SW may be negative, indicating, respectively, 
heat subtracted from the system and work done on the system. Also, to 
maintain the simplicity of the illustration, exhausted waste heat and losses 
occuring in transfer of heat between systems are ignored in the subse-
quent discussion. 
7 Ford, p. 26. 
8several other formulations of the Second Law have been presented; 
this one is used for illustrative purposes. 
9A heat reservoir is a body of uniform temperature throughout, whose 
mass is large enough that the absorption or rejection of heat would not 
significantly change its temperature. For example, the steam from a pot of 
water boiled on a campfire would not cause an observable change in the 
temperature of the air in the campground. Thus, the air in the campground 
would be a heat re~ervoir with respect to the pot of boiled water. If, 
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on the other hand, the pot of boiling water were poured into a small 
tub of cold water, the temperature of the water in the tub would be 
noticeably affected. In this case the tub of water would not be a 
heat reservoir. 
lOKelley, p. 78 
28 
11A heat engine is defined by Kelley, p. 77, as "any device which, 
operating in a cycle, absorbs heat, converts part of it into work, and 
rejects the remainder." 
12Ford, p. 28. Berg, 1974, gives the following formula for cal-
culating the thermodynamic availability of a fuel: 
A = E-ToX s +Po )(V-D, 
where 
A = the thermodynamic availab1lity of the fuel, 
E = the energy content of the fuel, 
v = the fuel's volume, 
s = the fuel's entropy, 
To= the fuel's final temperature at which it will be at 
equilibrium with atmosphere, 
Po= the fuel's final pressure at which it will be at 
equilibrium with atmosphere, and 
D = the maximum useful work one could obtain from diffusion 
processes. 
13Berg, 1974, p. 19. 
14Ford, p. 29. 
lSRoss and Williams, 1977, p. 54 
16see note 1, Chapter 1. 
17 Ross and Williams, 1977, p. 55. 
18The figures attributed to these studies appear as they are 
reported in Barnes, adjusted to allow for comparison. 
19u.s. Department of Energy, Energy Conservation: Industry, 
Factsheet No. 10, (Washington D.C.: U.S. Government Printing Office, 
1979), p. 1. 
20
unless otherwise noted, the optimum use of resources is considered 
throughout this thesis to be the cost-minimizing use of resources. 
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CHAPTER III 
OPTIMAL CAPACITY UTILIZATION AND CAPITAL 
INVESTMENT IN COGENERATION PLANTS 
The Second Law efficiency measurement provides an indication of 
the technological potential for fuel conservation, but it is not an eco-
nomic index. It does not help determine the energy intensity of produc-
tion--that is, the ratio of energy input into production to final product 
output--that will minimize unit costs of producing a given amount of some 
good or service. Because energy is only one of several inputs into produc-
tion, minimizing energy use may not coincide with minimizing the total 
unit cost of producing some product. 
As an example, consider a firm using capital equipment and energy 
to perform a given task, T1 . The technological combinations of capital (K) 
and energy (E} that will perform T1 are shown graphically by the isoquant 
in Figure 3-1. The shape of the curve implies that the amount of energy 
used to do the job T1 can be reduced by increasing the initial capi.tal ex.-
d . 1 pen iture. As more and more capital is substituted for energy, the theor-
etical minimum amount of energy required to perform the task Ti is reached. 
This is illustrated in Figure 3-1 by the asymptote ~n· At Em.in• Second 
Law efficiency will equal 1, The extent to which ~n is approached, how-
ever, depends upon the relative prices of K and E. To determine optimal 
energy use, the isocost curves in Figure 3-1 must first be drawn. Isocost 
line I plots the various combinations of K and E that can be purchased for 
a total cost of c0 , given the capital and energy prices Pk and Pe, respec-
29 
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tively. Since c0 PkK + PeE, the equation of isocost line I is 
(5) 
From Equation 5 it can be seen that the slope of isocost line I is the 
price ratio Pe/Pk. An increase in the price of energy will therefore 
make the slope of the isocost line steeper, as shown by isocost line II. 
Finally, a decrease in total expenditure to c1 causes an inward parallel 
shift of the isocost line, as illustrated by isocost line IV 
The economic problem is to determine the least-cost combination 
of capital and energy suitable for the completion of the specified task, 
T1 . Assuming perfect competition in resource and product markets, the 
economic optimum is shown in Figure 3-1 by point W, where the plant is pro-
ducing T1 using capital input K1 and energy input E1; the Second Law ef-. 
ficiency of the process is Emin/E1 • This is the point where the isocost 
line I is tangent to the isoquant T1 . That is 
(6) 
when E=E~ and K=K1 • Any movement along line I would require the plant to 
produce less than T
1
. Any movement along the T1 isoquant would require a 
greater expenditure at the given price ratio. W, therefore, represents 
the combination of energy and capital that minimizes cost for a given out-
put and maximizes output for a given cost. 
If the price of energy increases, the firm's isocost line shifts 
to line II. That is, the boost in the price of energy means that less 
energy can be purchased at the same total cost. The effect of the price 
increase · is shown graphically by the movement to point X, where the firm 
is producing T2 using capital K3, and energy E3 . This reduction in output 
( 
( 
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is composed of two effects. First, the increase in the price of energy 
relative to the price of capital causes a substitution of capital for energy 
(the movement from W to Y). Also, there is an inward movement along the 
firm's expansion path (the movement from Y to X) because the real value 
of the firm's total expenditure has been lessened. 3 Note that, while 
Second Law efficiency increases to ~in/E3 , the energy price rise does 
not reduce power use to the theoretical minimum. Energy 
( 
( 
use will approach Emin only as Pe/Pk becomes infinitely large; that 
is, as the price of energy-substituting capital approaches zero. Eco-
nomically, the optimal level of energy use for a given output will be 
greater than the theoretical minimum when fuel saving capital is not 
free. 
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In the above example, the task performed could be that of raising 
steam or generating electricity. In either case, capital and fuel inputs 
can be used in varying combinations, subject to technical constraints, 
to produce a given output. 4 Cogeneration combines two inputs, capital 
and fuel, to produce two outputs, process steam and electricity. (These 
electricity and steam production processes are diagrammed in Figure 3-2~) 
The reasoning in the above example, however, is still relevant; the max-
imum level of steam and electricity cogeneration is greater than the 
cost-minimizing level. Since the degree to which a plant relies upon 
cogeneration for its steam and electricity depends upon both its stock 
and utilization of cogeneration capital, this reasoning should be taken 
a step further. It will be shown below that there exists an optimal 
level of utilization for an existing cogeneration facility and an opti-
mal amount of investment in new cogeneration capacity. 
A review of the literature on capital utilization theory notes 
the "obvious fact" that "the use or idleness of capital /Ts/ an ecdnomic 
variable, even~ ante. An optimal amount of idleness exists and depends 
on economic costs. 115 (Emphasis in original.) Specifically, greater util-
izationof an existing cogeneration facility to replace additional amounts 
of utility-generated electricity may lead to greater total fuel savings, 
but it would not necessarily be cost-efficient. 
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The factors influencing the optimal amount of cogeneration capa-
6 
city utilization are related to both product demand and input supply. 
Anticipated future increases in the demand for its product, and hence 
in the use of process steam and electricity, may cause an industrial 
firm to install a cogeneration plant that is larger than immediately 
necessary. The result is that some capacity is idle during the plant's 
early operation. Secondly, the firm may want to provide for stochastic 
fluctuations in product demand and unexpected equipment failure. This 
type of uncertainty reduces optimal cogeneration utilization. Finally, 
the firm may have to adjust to rhythmic changes--changes that occur 
34 
periodically, such as seasonal fluctuations--in the demand for the goods 
it produces. The resulting variation in the use of steam and elect~icity 
over the course of a year will result in idle cogeneration capacity. 
On the input supply side, rhythmic changes in input prices justify 
intentionally idle cogeneration capacity, with or without uncertainty 
about product demand. For example, the desire of employees to work normal 
hours will make it more costly for a plant to operate at certain times 
7 
of the day. Hence, idle production capacity may be planned in order to 
avoid periods of high cost operation. This implies that some cogeneration 
capacity will be intentionally unused, since steam and electricity needs 
at any point in ti~e depend upon the level of production at that instant. 
The effect of input price rhythms on the optimal utilization of 
manufacturing capacity is easy to visualize. The firm knows, ex artte, 
that the price of an input will change rhythmically during the life of 
a plant; to maximize profits, the firm will often build an 11unnecesaril.y 
large" plant so that the plant can produce the desired output during 
( 
periods of low input cost--the solid portion of the curve in Figure 
3-3--and be shut down during high-cost periods--the broken segments of 
the curve. 
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The gist of the optimal utilization decision is this: 
••. higher utilization will always lower average capital costs 
per unit of output since capital will be owned by the firm, 
whether used or not, but higher utilization will also raise the 
average costs of the rhythmic input, for instance, average 
labor costs, so that the level of utilization that optimally 
will be built into the capital stock ••• will just balance 
capital cost savings with rhythmic cost increases; an increase 
in utilization beyond the optimum would increase the rhythmic 
input cost more than it would reduce capital costs. 8 
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Thus, even if product demand is constant, if product and input markets are 
perfectly competitive, and if firms operate under perfect certainty, costs 
( 
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can be minimized with a plant designed to remain idle much of the time. 
The reason for this is the rhythmic pattern of some input prices. If 
constant demand, perfect competition, and perfect certainty existed, 
optimal cogeneration utilization would thus be determined by certain 
parameters to the firm. 
For one, the relative prices of capital and labor services are 
cited by Winston as important determinants of optimal capital utilization, 
given fixed capital and labor requirements. 9 The larger the price of 
capital services relative to the price of labor services, the larger capital's 
share of total cost and the greater the incentive to economize capital 
through higher utilization. The more expensive labor is relative to capi-
tal, the larger its share of total cost and the greater the likelihood 
of a firm avoiding higher cost hours of operation by building more capa-
city and utilizing it less. The capital-labor price ratios for both the 
industrial plant and the cogeneration facility will exert influence 
upon the optimal rate of cogeneration utilization, since production pro-
cesses and cogeneration operations are closely related. It may be true 
that plants' cogeneration utilization and investment decisions are strongly 
influenced by their current and anticipated process steam requirements. 
If so, the capital-labor service price ratio faced by the industrial plant 
will affect optimal cogeneration utilization more strongly than will the 
capital-labor service price ratio for cogeneration operations. 
A second parameter,also identified by Winston, is the amplitude 
f h · · h hm lOTh. ff . 1 f t . o t e input price r yt . is parameter a ects optima manu ac uring 
and cogeneration capital utilization simultaneously. The greater the cost 
difference between high and low cost operating periods, the greater the 
( 
37 
incentive to utilize capital~both for main production and cogeneration--
during lower cost hours. Narrow variation in cost among periods makes 
high utilization less costly. 
Third, the capital intensity of both the manufacturing and the 
cogeneration process helps determine the importance of capital costs 
relative to rhythmically priced input costs, ceteris paribus. The greater 
the importance of capital costs, the more likely they are to be economized 
by high capital utilization. Winston cited empirical evidence of higher 
utilization in capital intensive processes. 11 
Finally, Winston described Allen's "elasticity of factor service 
12 
substitution" and how it affects the extent to which optimal utilization 
responds to the capital-labor service price ratio and the amplitude of 
the input price rhythm. The greater the ability of the firm to adjust 
factor service proportions, the less is the influence of rhythmic input 
prices on utilization. A firm facing high labor costs during evenings and 
weekends can use less labor at those times and maintain production levels 
if factor services are highly substitutable. On the other hand, low 
factor service substitution elasticities allow relative factor prices and 
the price rhythm to have a more pronounced effect upon capacity utiliza-
tion. 
The magnitude of the above parameters for both the manufacturing 
plant and the cogeneration facility will affect the cogeneration utiliza-
tion rate. If the firm cogenerates according to its steam requirements, 
however, the value of these variables for the main production processes 
will be of primary importance. It can thus be expected that the effect 
of the above parame.ters on manufacturing . :i;,>lant· utilization will be .. '1!lore 
c important than their effect on cogeneration operations in determining 
optimal cogeneration utilization. 13 
The price of utility generated electricity also may influence 
cogeneration utilization. A plant may choose to purchase electricity 
to meet its peak demands, allowing it to maintain electric generating 
capacity closer to its off-peak demand for electricity. Similarly, if 
the firm is willing to buy backup electricity from a utility, it may 
build less reserve generating capacity, Both situations should result 
in a higher cogeneration utilization factor than for a plant cogenerat-
ing its entire electricity requirement. The willingness of firms to 
38 
purchase utility electricity, and hence cogeneration utilization, should 
be negatively related to the price of both regular and standby electric 
14 
services. 
While the influence of market forces on cogeneration behavior can 
be partially assessed by looking at the determinants of cogeneration 
utilization, additional knowledge can be gained by analyzing the impact 
of market forces upon cogeneration investment decisions. Investment in 
cogeneration would minimize the amount of fuel consumed in the production 
of steam and electricity, but it would not necessarily be cost efficient. 
For example, the steam load of some industrial plants may be too small 
to efficiently produce enough electricity to justify the cost of a cogen-
eration facility. 15 The cost-minimizing amount of investment in cogenera-
tion is reached when the present value of any additional capital expenditure 
. 16 is just equal to the present value of the fuel savings that would result. 
If the present value of the additional capital outlay were less than the 
present value of the fuel savings, then additional investment would lead 
( 
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to a lower total cost of production. On the other hand, if the dis-
counted value of the fuel savings were less than that of the incremental 
capital cost, then further investment in energy conservation would vio-
late the behavioral assumption of cost minimization. Any other amount 
of cogeneration investment, therefore, is less than optimal. 
The extent to which the optimum level of cogeneration investment 
is achieved depends in part upon the effectiveness of the price mechan-
ism in communicating information about the true value of fuel and capital 
savings. Theoretically, if the relevant markets were operating under 
conditions of perfect competition, 17 the price of the electricity that 
industrial firms buy from utilities would reflect the marginal costs of 
large-scale electricity supply. If the price of electricity made a co-
generation investment desirable on a cost minimization basis, then a firm 
responsive to cost influences would make such an investment. The market 
structures associated with cogeneration, however, are not perfect. 18 The 
tendency of utilities to price electricity according to an average of the 
cost of new plant and equipment plus older, less expensive facilities may 
prevent electricity prices from fully reflecting increases in fuel and 
capital costs. This practice, therefore, may partially undermine the 
ability of the price mechanism to accurately conrrnunicate the value of po-
tential fuel and capital savings from cogeneration, 
Even if electricity prices reflected with complete accuracy the 
true cost of additional large scale electricity supply, it is possible that 
firms would not be fully responsive to these price signals. It has been 
suggested that energy prices generally are limited as a means of inducing 
39 
c industrial conservation efforts because energy accounts for a small 
portion of value-added for a manufacturing firm. 19 It may also be that 
some manufacturers are simply predisposed against power generation as 
40 
something unfamiliar and risky for the novice. It is also possible that, 
over the time period studied, firms were unresponsive to price signals 
because of uncertainties over the applicability of State and Federal laws 
20 
and regulations to plants selling to electric utilities. The precise 
role of such influences in cogeneration investment decisions is unknown. 
What are the market influences underlying a firm's decision to 
build a cogeneration plant? The first is the scale of the industrial 
plant's operations. The more a plant produces, the greater its steam 
load and potential electricity production. A large number of studies have 
investigated economies of scale for electricity generation; almost all of 
them have concluded that such economies exist at the generating plant lev-
el.21 There is little available information on scale economies for steam 
generation, although some engineering cost estimates suggest some econo-
mies of scale for the field-erected, coal-fired boilers used in cogenera-
22 
tion plants. If economies of scale are indeed associated with steam 
and electricity generation, a large plant may be more likely to invest in 
cogeneration than a smaller one. 
Another influence on cogeneration investment decisions is the 
plant's expectation for continued growth. A plant expecting to use in-
creasing amounts of steam and electricity over the next two years--the 
minimum time required to construct a steam turbine cogeneration facility--
may anticipate significant cost savings from cogeneration. A firm with 
r ( 
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low or no growth prospects, however, may be less likely to undertake 
a cogeneration project. 
The price of utility-generated electricity may strongly influence 
a firm's investment behavior with respect to cogeneration. Hatsopoulos, 
24 
et al., believe that more firms will invest in cogeneration projects as 
electricity prices rise. Since the savings a firm reaps from cogeneration 
occur because the firm reduces its purchases of utility-generated electric-
ity, it seems reasonable to expect a positive correlation between electric-
ity prices and cogeneration investment, other influences held constant. 
If the prospective cogeneration facility would produce electricity 
in excess of the plant's needs, then the firm would want to consider the 
revenue that could be generated by selling surplus electricity to the 
local utility. One reason cited for the reluctance of such firms to co-
generate is the low price normally paid by utilities for surplus cogenera-
ted electricity. Williams notes that, in 1978, a typical industrial firm 
selling electricity to a utility would have been paid a price equal to 
what it would have cost the utility for just the fuel to produce the same 
f 1 . . 25 amount o e ectricity. Since an increase in the price paid by utilities 
for industrially generated electricity would increase the revenue some 
firms bring in by cogenerating, the price paid for industrially cogenera-
ted electricity and the amount of cogenerated electricity should be posi-
tively, if at all, related. 
Cogeneration investment decisions may be strongly affected by the 
relative prices of steam producing equipment and fuel. 26 The Dow study 
points to the replacement of oil or gas fired "package" boilers for field-
erected coal fired boilers as the primary cause for the decline in indus-
42 
trial electricity generation because package boilers are suitable for 
steam generation only. The changeover from field-assembled boilers to 
mass-produced package boilers occurred because of the latter's lower 
capital costs. The fuel used with package boilers, however, is more ex-
pensive than the coal used in field-erected boilers. Since fuel costs 
rise with steam output, the total costs for package boilers are less than 
the total cost for field-assembled boilers only up to a certain output 
rate; this output rate is sensitive to fuel prices. From this analysis, 
then, it would be expected that the level of cogeneration investment 
would be positively related to gas prices and inversely related to coal 
prices. Similarly, cogeneration investment should be positively related 
to package boiler capital costs and negatively related to cogeneration 
capital costs. 
A sixth factor firms may consider are the transaction costs of 
dealing with a utility • . Costs of contracting for large amounts of power, 
legal and accounting fees, and similar costs are associated with buying 
electricity. It may be true that the greater these costs, the more 
inclined a firm will be toward on-site electricity generation; their 
small share of the total cost of electricity; however, probably gives 
them little independent importance in cogeneration investment decisions. 
Several forces may have a negative influence on cogeneration invest-
ment. Among these variables which are negatively related to any form of 
long-tenn investment is the cost of money capital. Other influences 
are specific to cogeneration investment. 
The first of these is the negative influence of declining block 
rates for electricity usage. The effect of economies of scale as an 
c incentive for large industrial plants to cogenerate may be dampened by 
lower kilowatt-hour prices offered to large users. It has been argued 
that this utility practice undervalues utility electricity, making it 
less likely that firms will cogenerat~. 27 
Another consideration that could discourage cogenerating is the 
price of backup electricity supply from the electric utility. The prac-
tices of electric utilities in this regard have been cited by both Thermo-
Electron and Williams as a reason for the reluctance of firms to cogener-
ate. In 1978, for example, if a typical industrial firm had been cogen-
erating its own electricity and relying on an electric utility for backup 
supply, it would have paid standby charges of at least double the average 
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price of electricity which a similar noncogenerating firm would have 
paid. In such a situation the typical industrial firm often found it un-
profitable to cogenerate. 
One possible explanation for high standby rates for backup elec-
tricity and low prices paid by utilities for surplus electricity is the 
disproportionate market power of electric utilities relative to industrial 
firms. Electric utilities monopolize the local markets for retail sales 
of electricity and monopsonize the local markets for wholesale purchases 
of electricity. A cogenerating firm, therefore, has little or no market 
28 
power when it transacts with an electric utility. 
Costs associated with the coordination of power production and 
ordinary manufacturing may also be taken into account when a firm considers 
cogenerating. For example, generating peak amounts of electricity when 
steam requirements are low will result in a loss of available work. To 
optimize energy use, the difference between steam and electricity peak 
( 
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times would have to be reconciled, either by maintaining excess cogenera-
tion capacity or by purchasing electricity from a utility when process 
steam use is low or by restructuring the production process. Another prob-
lem is dealing with power outages required for necessary maintenance. 
According to Dow, a reasonablee;timate of outage for a well-maintained 
system is two weeks. 29 Plants in some industries would incur substantial 
losses if forced to shut down for such periods, and standpy power--whether 
generated at the plant site or contracted for from the local utility--can 
be expensive. It is expected that the greater such internal coordination 
costs are, the less likely a firm is to cogenerate. 
Finally, the firm may consider the additional labor costs of in-
stalling and operating a cogeneration facility. A small firm may not have 
personnel with the training necessary to manage a cogeneration plant. In 
that situation, the firm would have to either train current employees or 
hire new personnel. The firm might also contract the management of the 
cogeneration facility to another company. 30 In any case, a firm will ini-
tially incur additional labor costs if it cogenerates, and, if the firm is 
small, those costs may prove prohibitive. 
The analysis in this chapter leads to the conclusion that economi-
cally optimal amounts of cogeneration capacity utilization and capital in-
vestment exist, and that some determinants of these optimums can be identi-
fied. Of special interest are specific variables and their interactions 
with each other and with other economic forces affecting cogeneration deci-
sions. In Chapter IV, some of these variables are estimated and included 
in a multiple linear regression model. The empirical testing of this model 
intends to shed light upon the influence of these market forces on cogenera-
tion utilization and investment. 
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Notes for Chapter III 
1 
Capital may be considered a substitute for energy as long as there 
is capital equipment available that will use fuel more efficiently than 
the existing capital stock. The studies cited in note ·1, Chapter I, 
provide many examples of substitution possibilities between capital and 
energy. For econometric evidence of gross substitutability between 
capital and energy, see Berndt and Wood. 
2A similar discussion may be found in Ernst R. Berndt, "Aggregate 
Energy, Efficiency, and Productivity Measurement," Annual Review of 
Energy 3(1978): 233-34. 
3Berndt and Wood, p. 346, refer to these, respectively, as the 
substitution effect and the expansion effect. 
4The studies cited in note 1, .gp,ove, . ;i..nclude several e.xa.mples 0 
of substitutability between capital and fuel inputs in electricity gene-
ration. Farmer, et al., discuss the possibility of substituting capital 
investment in fluidized bed technology for some fuel input into steam 
generation. M.H. Farmer, E.M. Magee, and F.M. Spooner, Application of 
Fluidized Bed Technology to Industrial Boilers, Report to the Federal 
Energy Administration (Linden, New Jersey: Government Research Labora-
tories, Exxon Research and Engineering Company, 1976). 
5 Gordon C. Winston, 11The Theory of Capital Utilization and Idle-
ness," Journal of Economic Literature, 12(Decernber 1974): 1301. 
6The literature discussing these influences is surveyed by Winston. 
The interpretation and application of these ideas to cogeneration is 
solely the author's. 
7see R. Marris, The Economics of Capital Utilization: A Report 
on Multiple-Shift Work (Cambridge: Cambridge University Press, 1964). 
Bwinston, p. 1306. 
10 
Ibid. 
11Ibi' d., 1307 p. • 
12
rbid., pp. 1307-08. In a two-i!).put model, the "elasticity of 
factor service substitution" is given as 
O" = - f'(f-yf') 
yff" 
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where y is the ratio of capital services to labor services and f(y) is 
an instantaneous production function. R.G.D. Allen, Macro-Economic Theory: 
A Mathematical Treatment (New York: St. Martin's Press, 1967). 
l3operation of the cogeneration plant independent of the manufac-
turing plant is unlikely, given the low price paid by electric utilities 
for industrially cogenerated electricity. (See the discussion of this 
on page 13.) 
14Industrial demand for electricity does seem to be responsive to 
electricity prices. Joskow and Baughman estimate the long-run industrial 
purchased electricity price elasticity at -1.28; Taylor's survey finds 
estimates in the -1.25 to -1.94 range. P.L. Joskow and M.L. Baughman, 
"The Future of the U.S. Nuclear Energy Indust:ry, 11 The Bell Journal of 
Economics 7 (Spring 1976); L.D. Taylor, "The Demand for Electricity: A 
Survey," The Bell Journal of Economics 6 (Spring, 1975). 
15While it is true that more elctricity could be generated by in-
creasing steam production, this action would produce an excess of steam 
above process requirements that would have to be expelled into the atmos-
phere. This excess steam would represent a waste of available work that 
could offset the initial fuel savings. 
160 imi t. f . pt za ion o energy conservation 
Berndt, 1978, and Lee Schipper, "Toward More 
Annual Review of Energy 1 (1976): 455-517. 
investment is discussed by 
Productive Energy Utilization, " 
17Koch lists the following as the conditions for perfect competi-
tion in a market: "l) A large number of sellers and buyers exist, no 
single one of which has a noticeable :influence upon market price or quan-
tity. 2} Each seller produces a homogeneous product that is undifferen-
tiated and indistinguishable in any way from any rival seller's product. 
3) Barriers to entry in the market in the long run are either very minimal 
or nonexistent. 4) No artificial restraints on supply, demand, or price 
exist in either the ;i.nput or output markets, and resources in general 
are perfectly mobile. 5) Each seller and buyer has complete and correct 
information about prices, quantities, costs, and demand in the market in 
which he participates." James V. Koch, Industrial Organization and Prices 
(Englewood Cliffs, New Jersey: Prentice-Hall, Inc., 1974), p. 17. 
18Pickel, Chapter two. 
l9See Gyftopoulos, et al., 1977. 
20
see Thermo-Electron and Resource Planning Associates. 
21M. Galatin, Economies of Scale and Technological Change in Thermal 
Power Generation (Amsterdam: North-Holland, 1973); and T.G. Cowing and 
V.K. Smith, "The Estimation of a Production Technology: A Survey of Econo-
metric Analyses of Steam-Electric Generation," Land Economics 54 (May 1978) 
survey this literature. 
c A recent investigation by Stewart (see note 10, Chapter I) finds 
that the source of these economies is higher utilization, not larger 
generating capacity. These findings, however, apply only to the large 
unit sizes found in central station power plants. The smallest unit con-
sidered by Stewart is a 40 megawatt gas turbine unit--large compared to 
most cogeneration units. In this case he finds that scale economies are 
associated with unit size, 
22 See Dow, Energy Study, and New Energy Sources. 
23
wilson notes that, in the "real world," there are only a limited 
number of cogeneration projects with a 2-year "gross payout"--"the total 
increment of investment for the cogeneration system divided by the out-of-
pocket savings in annual operating costs." Cogeneration projects more 
typically have a 4- or 5-year construction cost cash flow. W.B. Wilson, 
"Conserving Energy Via Cogeneration," Mechanical Engineering (August, 
1979). 
24see Hatsopoulos, et al. Also see Gyftopoulos, et al., 1977. 
25This is because an industrially owned cogeneration unit is not in 
the utility's rate base. Williams, p. 316. 
26see Dow, Energy Study. 
27 See Schipper. 
28see Pickel, chapter two. 
29 Dow, Energy Study, p. 100. 
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JOFirms building and managing cogeneration facilities do exist. Pickel, 
p. 84, note 21. 
It is also possible that the cheaper electricity available to cogen-
erating industrial plants may be substituted for labor in production processes 
perhaps offsetting initial cogeneration labor costs. For example, a plant 
may find that, with cheaper electricity, it is profitable to purchase an 
electric crane to replace several fork lifts, in the process replacing sev-
eral fork lift drivers with one crane operator. 
( 
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CHAPTER IV 
INDUSTRIAL STEAM-ELECTRIC COGENERATION: 
EMPIRICAL FINDINGS AND CONCLUSIONS 
The empirical literature on cogeneration includes, primarily, en-
gineering, financial and technical analyses which focus on the fuel sav-
1 ings potential of on-site industrial electricity generation. These 
research studies, however, do not aonsider,explicitly, the interactions 
among economic forces. Those interactions may enhance or dampen the 
effect of policy measures often reconnnended. Consequently, the current 
state of knowledge is incomplete and based on suspect methodology. 
The major cogeneration studies have also neglected to analyze the 
forces affecting the degree to which industrial firms utilize electrical 
generating capacity. Policy measures designed to encourage more cogener-
ation investment may have a diminished impact on fuel consumption if they 
simultaneously encourage lower cogeneration utilization. Again, the cur-
rent state of research is incomplete. 
This research effort is intended as a framework for the analysis 
of industrial firms' responsiveness to specific market forces when making 
decisions regarding cogeneration. In particular, the question studied is 
this: Do specific market forces play an important role in determining 
the cogeneration behavior of industrial plants? The economic reasoning 
of Chapter III suggests that several variables are important to consider 
in answering this question. In this chapter, two linear regression equa-
tions--one representing cogeneration utilization; the other, investment--
are estimated to test the magnituda of these variables' separate influences 
48 
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on cogeneration behavior, using data for a 1976-77 cross-section of states. 
Given adequate data, the regression approach allows an assessment of the 
relative importance of specific influences on industrial cogeneration 
decision making. 
To assess the significance of various economic variables in deter-
mining cogeneration behavior, 1977 data regarding utilization of and 
investment in industrial power generation capacity are here examined. 
Industrial electricity production is assumed to be essentially all cogen-
erated, since economies of scale for small plants generating only elec-
tricity make it more expensive for an industrial firm to generate its own 
1 . . 2 e ectr1c1ty. Cogeneration cost data for each state are not available; 
since cogeneration plants typically utilize coal-fired boilers and electric 
generating equipment, it was assumed that cogeneration costs varied as did 
the costs of electricity and steam production for coal-fired electric util-
3 ity plants. Since the data on either industrial electricity generation 
or utility-owned coal-fired electric generation capacity was inadequate 
for 13 of the 48 contiguous states, the data base contained 35 states. 4 
Of these, 15 states had net changes in cogeneration capacity between 1976 
and 1977. Data for these states were used to analyze cogeneration in-
5 
vestment. 
The Model 
To explain the state-to-state variation in cogeneration behavior, 
a two-equation model is formulated wherein cogeneration utilization and 
investment are functions of market variables identified in Chapter III. 
The estimation of these equations may yield measures of relative import-
{ ' 
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ance of specified market variables in cogeneration utilization and in-
vestment decisions. 
Utilization Variables 
Chapter III developed the notion that a cost-minimizing capital 
utilization factor exists for each industrial plant, and that this cost-
minimizing rate can be planned before a plant is constructed. Assuming 
constant product demand and the absence of unexpected events that would 
restrict cogeneration operations, cogeneration utilization should be 
significantly related to the capital-labor price ratios faced by both 
the mainline production plant and the cogeneration facility. 
The dependent variable. The average rate of cogeneration utiliza-
tion is the dependent variable. The total installed industrial generating 
capacity in each state sampled was multiplied by 8,760 (the number of hours 
in a 365 day year). The resultant product is the potential number of 
kilowatt hours that each state could have cogenerated if its capacity 
had been fully utilized during the whole year without down time for re-
pairs and maintenance. The ratio of the number of kilowatt-hours actually 
cogenerated to the total potential capacity yields a measure of the extent 
to which the average plant in the state utilizes its cogeneration capacity; 
this number is multiplied by 100 to convert it into a percentage. 
Price of cogeneration equipment per megawatt of capacity. As noted 
in Chapter III, the optimal utilization of cogeneration capacity partially 
depends upon the capital-labor price ratios for the cogeneration plant. 
However, the prices of labor services for workers in cogeneration plants 
are not available. This could be approximated using data on hourly labor 
( 
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earnings in the electric utility industry, but such data are not dis-
6 
aggregated by state. Instead, it is assumed that cogeneration labor 
costs are relatively equalacrossthe states in the sample, allowing the 
use of capital price data to represent fluctuations of the capital-labor 
price ratio. 7 It is assumed that variations in utility power station 
equipment cost per megawatt of capacity accurately reflect variations in 
the price of cogeneration capital services in 1976. 8 Capital price data 
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were taken from Steam-Electric Plant Construction Cost and Annual Produc-
tion Expenses 1976, published by the U.S. Department of Energy. Reported 
steam and electricity generating equipment costs per kilowatt of capacity 
were averaged for each state; the average equipment cost for each state 
was then converted into 1976 dollars using the implicit price deflater 
f f . d . 9 or ixe investment. It is hypothesized that the greater the price of 
capital relative to the price of labor, the higher the cogeneration utili-
zation rate. The sign of this variable's coefficient, therefore, is ex-
pected to be positive. 
Hourly wage of industrial workers. The other important ex ante 
utilization variable identified in Chapter III is the capital-labor price 
ratio for industrial production. The state to state variation of this 
ratio is represented in the model by the average hourly wage rates of 
10 industrial workers in the sample states. 
Data on manufacturing capital service prices in steam-using indus-
tries by state were not found; these prices are assumed to remain rela-
tively constant across the states in the sample. If this assumption is 
sound, then the price of labor services will vary as the c~pital-labcr 
/ 
\.. 
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service price ratio for industrial production. If not, then the mea-
surement error caused by not allowing for the variation of manufacturing 
capital service prices may cause the statistical significance of this 
price ratio variable to be understated. Under these restrictive assumptions, 
the average wage rate for industrial production workers may be used 
to represent the variations of the capital-labor service price ratio 
across the states in the sample. It was reasoned in Chapter III that, 
when capital service prices are held constant, the industrial wage rate 
is negatively related to the cogeneration utilization rate; we .therefore 
expect the coefficient on hourly wage to be negative. 
Influences ex post. Several economic variables--including the 
future price of utility generated electricity, future fuel prices faced 
by cogeneration plants, and future growth in the firm's steam and electricity 
needs--must be anticipated by a firm when assessing optimal capacity 
and utilization for a proposed cogeneration installation. 11 If the 
firm's expectations concerning future prices and growth are in error, 
the cogeneration utilization rate may differ from that originally planned 
by the firm; actual cogeneration utilization should be related to the 
difference between the expected and actual levels of price and growth. 
For example, if the actual price of electricity were given by Eactual and 
the expected price given by Eexpected' then cogeneration utilization, 
in theory, will be positively related to Eexcess = Eactual - Eexpected; 
the excess of the actual electricity price over the expected price. 
Unfortunately, data on the expected values of the ex post variables do 
not seem to be available, making Eexcess -- in addition to 
( 
( 
the corresponding quantities for the other ex post variables--immeasur-
able. Because of this the utilization equation does not include ex post 
variables. 
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Regional effects. The utilization sample was divided into four 
regions: the Western States, the Northeast and Middle Atlantic States, 
the South~Southeastern States and the Northcentral States. Zero-one dummy 
variables were used to isolate the effects of geographical location upon 
cogeneration utilization. The values assigned to these variables indicate 
the region in which each state is located. The dummy variable for the 
West, for example, was assigned a value of one for each state located in 
that region and zero for a state located in another region. The same 
procedure was followed for each state. 
Investment Variables 
As there is a cost-minimizng level of utilization of existing co-
generation capacity, there is also a cost-minimizing amount of investment 
in new cogeneration capacity. Chapter III identified some determinants 
of this cost-minimizing amount. Several of these . variables are included 
in the investment equation.12 
The dependent variable. Total net change from 1976 to 1977 in 
state cogeneration capacity is the dependent variable. Disaggregated 
plant data are best suited to the study of investment behavior at that 
level, but such data are nonexistent. Data on the number of cogenerating 
plants in each state are unavailable, precluding an examination of the 
cogeneration investment practices of each state's average plant. Net 
state aggregate cogeneration investment--that is, new cogeneration capa-
( 
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city built in 1976 minus capacity retired in 1976 for each sample state--
should, however, be a function of the variables that encourage or dis-
courage steam-electric cogeneration. The same factors that cause a firm 
to invest in new cogeneration capacity should also play an important 
role in the decision to maintain that capacity. This measure thus allows 
conclusions to be drawn regarding the relative importance of specific 
market influences on investment decisions. 
Price of cogeneration capital. The price of cogeneration capital 
is included as an independent variable in the investment equation. This 
is identical to the capital price variable included in the utilization 
equation; its coefficient here should be negatively signed. 
Cogeneration fuel price. It is assumed that industrial electricity 
generation is essentially all coal-fired. The price of coal (dollars 
per ton) delivered to electric utility power plants in 1976 is therefore 
another variable in the investment equation.13 A negative sign is expected 
on the coefficient of coal price. 
Price of money capital. Information on interest rates paid by 
private utilities on long-term debt incurred in 1976 was gathered from 
Statistics of Privately Owned Electric Utilities in the United States.14 
It is assumed that the interest rates paid by manufacturing firms on long-
term debt incurred in 1976 followed the same state-to-state pattern as 
the interest rates paid by utilities. The price of money should be nega-
tively related to thelevel of cogeneration investment. 
Price of utility-generated electricity. The 1976 state average 
charge per kilowatt-hour for industrial firms with billing demands of 300 
KW and monthly consumption of 60,000 KWH15 is used to represent the varia-
tion in theprice of utility-generated electricity sold to manufacturing 
c· 
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firms. This variable should have a positive effect upon cogeneration 
investment. 
Regional effects. The same zero-one regional dunnny variables used 
in the utilization equation are included in the investment equation to 
account for the influence of geographical location on cogeneration invest-
ment. 
The variables used in the equations are summarized in Tables 4~2 
and 4-3. 
Table 4-2 
VARIABLES USED IN COGENERATION UTILIZATION EQUATION 
Variable 
Dependent Variable 
Cogeneration Utilization Factor, 1977 
Independent Variables 
Price of cogeneration capital 
(dollars per 1000 KWs),1976 
Wage rate for production workers., 1976 
Region 
If state located in West 
If state located in Northeast/Mid-
Atlantic 
Symbol 
u 
K 
w 
DW = 1 • 0 i:( not 
DNE 1, 0 if not 
( 
Table 4-3 
VARIABLES USED IN COGENERATION 
INVESTMENT EQUATION 
Variable 
Dependent Variable 
Net change in State cogeneration capa-
city (in lOOO's of KWs), 1976-77 
Independent Variables 
Price of cogeneration capital 
(dollars per 1000 KWs), 1976 
Price of cogeneration fuel (coal 
price, dollars per ton), 1976 
Price of money capital (% interest 
rate), 1976 
Price of utility-generated electric-
ity, (cents per KWH), 1976 
Region 
If State located in West 
If State located in Northeast/Mid-
Atlantic 
If State located in South 
Symbol 
I 
K 
p 
R 
E 
DW = 1 , 0 if not 
DNE = 1, 0 if not 
DS 1, 0 if not 
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The Regression Model and Results 
The estimation technique used was Ordinary Least Squares linear re-
gression analysis. 16 The equations estimated were as follows: 
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where a 0 and b0 are regression constants, ai and bj (i = 1, .•• ,4; j = 1, •.. , 7) 
are slope coeficients, and the independent variables are as defined in 
Tables 4-2 and 4-3. 
Table 4-4 represents the regression results for the utilization equa-
tion. The signs on all variables conform to expections. The adjusted R2 
of .41 is respectable given the size of the data base and the number of 
restrictive assumptions made in compiling the data. 
Table 4-4 
COGENERATION UTILIZATION EQUATION 
Variable 
Price of cogeneration 
capital 
Wage rate for industrial 
production workers 
West dummy 
Northeast dmmny 
Constant 
Regression 
Coefficienta 
.0093 
(.0345 ) 
-8.3567 
(2.9416) 
-16.2996 
(5.0810) 
-4.1904 
(6. 9592) 
91. 2059 
(14. 7246) 
t-value 
.2696 
-2.8409* 
-3.2080* 
-.6021 
6.1941* 
-2 -
n=35, R =.41, F(4,30)=5 .626*, SEE=l2.4394, DW=2.400_5 _______ _ 
aFigures in parentheses are the standard errors of the coefficients. 
*Significant at the .01 level. 
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The calculated F value of 5.626 indicates that the null hypothe-
sis of no relationship between cogeneration utilization and the indepen-
dent variables as a group may be rejected at the .01 significance level. 
More specifically, the sign on the wage rate (W) variable conforms 
to previous expectations: cogeneration plant utilization declines when 
the price of labor services in the manufacturing plant rises relative to 
the price of manufacturing capital services. The wage rate coefficient 
of -8.3567 reveals that a one-dollar increase in the hourly wage paid 
to industrial production workers--the price of manufacturing capital ser-
vices held constant--is associated with a decrease of 8 percentage 
points in the cogeneration utilization factor. In addition, the wage 
rate coefficient is statistically significant while the cogeneration cap-
ital cost coefficient is not. This is consistent with the expectation that 
the capital-labor price ratio for mainline production has a greater in-
fluence on cogeneration utilization than the capital-labor price ratio 
for the cogeneration plant. 
For the utilization equation only, the South was lumped with the 
Midwest; the combined region was arbitrarily chosen as the benchmark for 
the utilization equation. 17 The regional dunnny variables reveal some in-
teresting facts about capacity utilization in cogeneration plants. Loca-
tion did not account for a statistically significant portion of the dif-
ference between the utilization factors of cogeneration plants in the 
Northeast and cogeneration plants in the Midwest or South. States in the 
West, however, had lower rates of capacity utilization in 1977 than the 
Midwestern or Southern states; a statistically significant portion of 
these dif~erences were caused by geographical factors not accounted for 
by other variables in the estimated equation. 
( 
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Table 4-5 
COGENERATION INVESTMENT EQUATION 
Variable 
Price of cogeneration 
capital 
Price of cogeneration 
fuel 
Price of money capital 
Price of utility-genera-
ted electricity 
West dummy 
Northeast dummy 
South dummy 
Constant 
Regression 
Coeff icienta 
-.0649 
(.2836) 
-3.5953 
(2.6399) 
-32.1474 
(41. 84 71) 
33.0527 
(33. 2778) 
124 .5430 
(84.6001) 
28.5095 
(49.7806) 
101. 9210 
(33.0991) 
202.8160 
(384. 645) 
-2 
n=lS, R =.62, F(7,7)=1.862, SEE=48.4326, DW=2.0229 
t-value 
-.2289 
-1.3619 
-.7682 
.9932 
1.4721 
.5727 
3.0793+ 
.5273 
aFigures in parentesies are the standard errors of the coefficients. 
+significant at the .02 level 
The regression results for cogeneration investment are shown in 
Table 4-5. None of the variables were found to have a statistically dis-
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cernible effect on cogeneration investment over the sample. The small sample of 
15 states does not allow rejection of the null hypothesis of no regression 
relationship. This should not be taken to mean that no such relationship 
i 
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exists. Since the number of degrees of freedom is small and the number 
of variables relatively large, it is not surprising that the estimated 
coefficients have large standard errors. Standard erro~ aside, the re-
sults apparently support the hypothesis of Chapter III. The variables in 
the equation explain 66 per cent of the variation in cogeneration invest-
ment and the signs on all but two of the variables tested are as expec-
ted. 18 Given the~ priori reasoning in Chapter III, the null hypothesis 
is only a "straw man·;" Classical statistical hypothesis tests provide 
no formal rationale for accepting the null; it should not be acc.e-pted on the 
19 basis of a small sample result that apparently supports the alternative 
hypothesis. 
In ~he investment equation in Table 4-5, the negative coefficients 
on the cogeneration capital and fuel price variables and the interest rate 
variable all conform to expectations. The small amount of data analyzed 
indicates that these quantities are negatively related to cogeneration 
investment. 
The coefficient on electricity price reveals that an increase of 
one cent in the average state KWH charge to industrial firms may lead to 
an increase of 33,052 KW in net cogeneration capacity. This agrees with 
the expectation that higher electricity prices encourage greater cogen-
eration investment. 
The Midwest was used as the benchmark region in the investment 
equation. The only statistically discernible coefficient in the equation 
is that on the South dummy. This indicates that states in the South had 
greater increases in net cogeneration capacity frQ~ 1976 to 1977 than 
( 
did states in the Midwest. These differences were caused by regional 
influences unexplained by other variables in the investment equation. 
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The regression results for the investment equation suggest that 
further work with a better sample is warranted. The investment equation 
could be better estimated if appropriate time series or pooled cross-
sectional and time series data were used. This is true for two reasons. 
First, such a sample would contain more data points than the 15 state 
cross-section used in this study, allowing a reduction in the standard 
errors of the coefficients. Second, the variables hypothesized to be 
influential in cogeneration investment decisions may exert most of their 
influence over time. The investment decision is a dynamic phenomenon, 
not a static one. The collection and analysis of time series data rele-
vant to cogeneration investment is beyond the scope of this investigation; 
such an approach is potentially fruitful as a focus for future research. 
Conclusions 
Cogeneration represents an important means of improving the ef-
fectiveness with which industry uses fuel. As shown in Chapter II, a 
typical steam-using manufacturing plant can increase the Second Law ef-
ficiency of its process steam production from 0.33 to 0.45 by cogenerat-
ing electricity with its steam load. The estimates of how much energy 
could be saved in 1985 by fully implementing cogeneration range from 
1.5% to 9.3% of total 1976 U.S. energy consumption. As noted in Chapter 
III, however, these figures do not indicate what the cost-minimizing 
levels of cogenerated steam and electricity production would be. 
A number of economic forces interact to determine the cost-minimiz-
ing amount of cogenerated steam and electricity. The question posed in 
I. 
Chapter I is 11 Do market forces play an influential role in determining 
the cogeneration behavior of industrial plants?" The results from Chap-
ter IV provide some insight into the answer. 
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The results of the statistical analysis concerning cogeneration 
utilization reveal that the capital-labor service price ratio a cogenerat-
ing manufacturing plant faces has a statistically significant effect upon 
the degree to which it utilizes its cogeneration capacity. This result 
confirms a central hypothesis regarding the economics of cogeneration 
utilization: the higher the price of manufacturing capital services rela-
tive to the price of industrial labor services, the greater the cogenera-
tion utilization factor. 
The price of cogeneration capital was found to have a positive, 
though slight and statistically insignificant effect upon cogeneration util-
ization. The measurement error associated with using the price of cogen-
eration capital to represent variation in the cogeneration capital-labor 
price ratio may have caused the significance of this variable to be un-
derestimated. The result, however, is still consistent with the a priori 
expectation that the capital-labor price ratio for manufacturing will have 
more influence on cogeneration utilization than the capital-labor price 
ratio for cogeneration. 
The statistical results concerning cogeneration investment weakly 
suggest that the price of utility-generated electricity has a positive ef-
fect on net aggregate cogeneration investment. The price of cogeneration 
capital, the price of cogeneration fuel, and the price of money capital 
were all found to negatively influence cogeneration investment. All of 
these results, however, are statistically insignificant, due to large 
c 
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standard errors caused in part by the small sample size. 
The model tested is incomplete in several respects. First, a 
number of variables isolated in Chapter III are not included in the 
estimation of the model because of a lack of available data regarding 
cogeneration activity. Secondly, the cross-sectional data used may not 
adequately reflect the influence over time of several variables. Finally, 
the small number of data points in the sample weakens the results. 
These weaknesses in the model suggest directions for further re-
search. First, data regarding actual cogeneration capacity, utilitation~ 
20 
and production need to be collected. This is needed to improve the 
representativeness and increase the size of the data base. Second, time 
series data should be analyzed to determine the effects market forces 
have on cogeneration investment over time. These improvements should 
significantly enhance the model of cogeneration behavior developed in this 
study. 
. . 
(_ 
Notes for Chapter IV 
1Pickel's study (see note 8, Chapter I) utilizes economic con-
cepts, providing a theoretical industrial organization analysis of the 
steam and electricity markets surrounding cogeneration. He then uses 
linear progrannning techniques to assess the performance of these markets 
in achieving the optimal share of cogeneration in U.S. steam and elec-
tricity supply. Pickel, however, analyzes the effects of individual var-
iables on optimal behavior, not actual behavior. 
2This assumption does not hold for geographically isolated plants, 
and may thus be misleading. Pickel illustrates this problem by pointing 
out the differences in various estimates of West German cogeneration. Von 
Rippel and Williams report that 12% of West German electric energy produc-
tion is cogenerated. Lovins," on the other hand, relies on industrial elec-
tricity production to estimate a figure of 29%--a large portion of this 
is from industry-owned mine-mouth central station plants. Pickel, p. 32, 
note 7. 
Statewide totals for industrial electricity generation are reported 
by the U.S. Department of Energy, Energy Information Administration, "Energy 
Data Report," pp. 14-17. 
3This follows Pickel, who uses the boiler capital costs of coal-fired 
electric plants to represent the variation in field-erected cogeneration 
boiler capital costs. 
4
rhe mean utilization factor for the 35 state sample was 46.8; this 
is significantly lower than the utilization factor of 85 assumed by other 
studies, as in Dow, Energy Study, p. 39. This could be due either to 
sampling error (see note 2 above) or to the use of faulty assumptions in 
other studies. 
5Three additional states had net changes in cogeneration capacity 
but could not be included in the sample because they did not have any 
utility-owned coal-fired power plants. 
6u.s. Department of Labor, Bureau of Labor Statistics, Industry 
Wage Survey: Electric and Gas Utilities--February 1978 (Washington D.C.: 
U.S. Government Printing Office, 1979). 
7
rhere is no a priori reason for making this assumption; it is 
necessitated by the -limitations of the data. The measurement error 
introduced by not considering the variation in cogeneration labor costs 
may cause the statistical significance of the cogeneration capital-labor 
price ratio variable to be understated, 
Other important utilization variables related to input prices were 
isolated in Chapter III: namely, the amplitude of the input price rhythm, 
the capital intensity of the manufacturing and cogeneration processes, and 
the ~elasticity of factor service substitution. These variables were not 
included in the model because of insufficient data. 
64 
c 
c 
8computation of cogeneration capital service prices was precluded 
by data limitations. 
65 
9The implicit price deflators are taken from the Council of Economic 
Advisors, Economic Indicators (Washington, D.C.: U.S. Government Printing 
Office, 1978), p. 2, and the U.S. Department of Commerce, p. 197. This 
adjustment assumes that inflation rates for coal-fired utility plant equip-
ment have been equal across states for many years. 
Several other assumptions are embodied in the use of this data: 
1) the heat rates of coal-fired electric power plants do not significantly 
differ from state to state; 2) the number of generating units at a power 
plant do not significantly affect the plant's equipment costs per KW; 3) 
technological differences in coal-fired power plant equipment do not cause 
significant variations in equipment cost per KW across states; and 4) no 
significant variation in equipment cost per KW is caused by varying econ-
omies or diseconomies of scale. Assumptions number two and number four, 
for a given heat rate, are supported by Stewart's results. 
10 U.S. Department of Labor, Bureau 
Labor Statistics 1978 (Washington, D.C.: 
1979). 
of Labor Statistics, Handbook of 
U.S. Government Printing Office, 
11The expected price of utility-generated electricity and the ex-
pected growth rate of the plant's steam and electricity needs may also 
influence cogeneration utilization ex ante. Since these price and growth 
expectations are unknoWQ., their influence cannot be readily measured. 
12Industrial plant scale, expectations for future growth, the price 
of package boilers, transaction costs associated with electricity pur-
chases, the price of backup electricity supply, coordination costs, and 
cogeneration labor costs were not included in the investment equation be-
cause of data limitations. The price paid by utilities for surplus co-
generated electricity is omitted from the investment equation because it 
is highly correlated with the price of utility-generated electricity; prob-
lems of multicollinearity prevented them being included in the equation 
together. 
13Edison Electric Institute, Statistical Yearbook of the Electric 
Utility Industry (New York: Edison Electric Institute, 1977), p. 51. 
Per kilowatt-hour production expenses of coal-fired power plants can't 
be used here, since they would be distorted by varying utilization fac-
tors among power plants in different states. 
14u.s. Department of Energy, Statistics of Privately Owned Electric 
Utilities in the United States, 1977 (Washington, D.C.: U.S. Government 
Printing Office, 1979), pp. 401-67. 
r·· 
) 
15 U.S. Federal 
(Washington, D.C.: 
ical Electric Bills 
Power Connnission, Typical Electric Bills 1977, 
U.S. Government Printing Office, 1977). The IzE_-
series is now prepared by the Department of Energy. 
16Entering U in log form produces a better fit, but there is no 
clear theoretical reason for nonlinearity in the independent variables 
of the utilization equation. 
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17 The reasons for· omitting one variable from a set .. . of , dummy . variables 
are explained in Daniel B. Suits, 11 The Use of Dummy Variables in Regres-
sion Equations," Journal of the American Statistical Association 52 (De-
cember 1957): 548-51. The South was lumped with the Midwest in the 
utilization equation to avoid probl~ms of multicollinearity. 
18The 1976 price of oil (per barrel) used to fire package steam 
boilers was tested as a variable in the investment equation, but was 
found to be statistically insignificant with an unexpected negative 
sign. This variable should account for the influence of 1976 package 
boiler fuel costs (assuming that essentially all of these were oil-fired 
in 1976). The statistical insignificance of this variable is interest-
ing, but not startling. The price of fuel for package boilers probably 
has more of an effect upon cogeneration investment when considered over 
time rather than from state-to-state. Also, the price of fuel is only 
one component of the cost comparison between package boiler steam gener-
ation and steam-electric cogeneration. 
l9Thomas H. Wonnacott and Ronald J. Wonnacott, Introductory Statis-
tics for Business and Economics, 2nd Edition (New York: John Wiley and 
Sons, 1977), p. 260. 
with 
July 
20
such data is currently being collected. Personal communication 
Joe Orlando, International Cogeneration Society, Washington, D.C., 
1979. 
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